We perform numerical experiments to study the shear dynamo problem where we look for the growth of large-scale magnetic field due to non-helical stirring at small scales in a background linear shear flow, in previously unexplored parameter regimes. We demonstrate the large-scale dynamo action in the limit when the fluid Reynolds number (Re) is below unity whereas the magnetic Reynolds number (Rm) is above unity; the exponential growth rate scales linearly with shear, which is consistent with earlier numerical works. The limit of low Re is particularly interesting, as seeing the dynamo action in this limit would provide enough motivation for further theoretical investigations, which may focus the attention to this analytically more tractable limit of Re < 1 as compared to more formidable limit of Re > 1. We also perform simulations in the limits when, (i) both (Re, Rm) < 1; (ii) Re > 1 & Rm < 1, and compute all components of the turbulent transport coefficients (α ij and η ij ) using the test-field method. A reasonably good agreement is seen between our results and the results of earlier analytical works (Sridhar & Singh 2010; Singh & Sridhar 2011) in the similar parameter regimes. For all the simulations performed in different parameter regimes, we estimate the dynamo number (D αS ), which was empirically defined in Brandenburg et al. (2008) corresponding to the incoherent alpha-shear mechanism, and find that D αS is always supercritical for cases in which we see dynamo growth, a result which is in agreement with Brandenburg et al. (2008) . This seems to suggest that the fluctuations in α ij (which is ultimately related 
Introduction
Magnetic fields observed in various astrophysical systems such as, the Earth, the Sun, the disc galaxies, accretion discs etc., possess large-scale magnetic field in addition to a fluctuating component, which survives for time scales much larger than the diffusion time scales in those systems, and therefore are thought to be self-sustained by the turbulent dynamo action. The magnetic field being a pseudovector is inherently non mirror-symmetric and therefore its generation at certain scale due to the dynamo action is a symmetry breaking process at that scale, which demands that the flow must host such a quantity which is also non mirror-symmetric. The quantity α being a pseudoscalar is one such object which is a measure of net kinetic helicity in the flow, and thus the standard model of such a turbulent dynamo involves amplification of seed magnetic fields due to the usual α-effect (see e.g. Moffatt (1978) ; Parker (1979) ; Krause & Rädler (1980) ; Brandenburg & Subramanian (2005) ; Brandenburg et al. (2012) ). Only recently the role of mean shear in the turbulent flow is beginning to be appreciated, as the breaking of mirror-symmetry, so necessary for large-scale dynamo action, may also come from the background shear flow. As it is not necessary that the turbulent flow be always helical, it is interesting to study the dynamo action in non-helically forced shear flows. Dynamo action due to shear and turbulence, in the absence of usual α-effect, received some attention in the astrophysical contexts of accretion discs (Vishniac & Brandenburg 1997 ) and galactic discs (Blackman 1998; Sur & Subramanian 2009) . The presence of large-scale shear in turbulent flows is expected to have significant effects on transport properties (Rüdiger & Kitchatinov 2006; Rädler & Stepanov 2006; Leprovost & Kim 2009; Sridhar & Singh 2010; Singh & Sridhar 2011) . It has also been demonstrated that the mean shear in conjunction with the turbulent rotating convection gives rise to the growth of large-scale magnetic field Hughes & Proctor 2009 ). The problem of our interest may be stated as: In the absence of usual α-effect, will it be possible to generate large-scale magnetic field just due to the action of mirror-symmetric turbulence in background shear flow on the seed magnetic field ? This question just posed was simulated in the recent past by Brandenburg et al. (2008) ; Yousef et al. (2008b,a) . These simulations clearly demonstrated the growth of large-scale magnetic field due to non-helical stirring at small scale in the background linear shear flow.
Although various mechanisms have been proposed to resolve the shear dynamo problem, it is still not clear what really drives the dynamo action in such systems. It has been discussed that the mean magnetic field could grow due to a process known as the incoherent alphashear mechanism, in which, the fluctuations in α with no net value, together with the mean shear might drive the large-scale dynamo action (Vishniac & Brandenburg 1997; Sokolov 1997; Silant'ev 2000; Proctor 2007; Kleeorin & Rogachevskii 2008; Brandenburg et al. 2008; Sur & Subramanian 2009; Richardson & Proctor 2012; Sridhar & Singh 2013) . The magnetic helicity fluxes could be another candidate for the growth of large-scale magnetic field (Vishniac & Cho 2001; Brandenburg & Subramanian 2005; Shapovalov & Vishniac 2011 ). Yet another possibility that has been suggested is the shear-current effect (Rogachevskii & Kleeorin 2003 , 2004 , where the shear-current term in the expression for the mean electromotive force (EMF) is thought to generate the cross-shear component of mean magnetic field from the shearwise component. However, some analytic calculations (Rädler & Stepanov 2006; Rüdiger & Kitchatinov 2006; Sridhar & Subramanian 2009b,a; Sridhar & Singh 2010; Singh & Sridhar 2011) and numerical experiments find that the sign of the shear-current term is unfavorable for dynamo action. Quasilinear kinematic theories of Sridhar & Subramanian (2009b,a) , and low magnetic Reynolds number (Rm) theories of Sridhar & Singh (2010) ; Singh & Sridhar (2011) found no evidence of dynamo action; in these works, a Galilean-invariant formulation of the shear dynamo problem was developed, in which the usual α effect was strictly zero, and unlike earlier works, the shear was treated non-perturbatively. Recent analytical works by Heinemann et al. (2011); McWilliams (2012) ; Mitra & Brandenburg (2012) predict the growth of mean-squared magnetic field by considering fluctuating α in mean background shear in the limit of small Reynolds numbers. A possibility of the growth of mean magnetic field is discussed in Sridhar & Singh (2013) by considering zero-mean temporal fluctuations in α in conjunction with shear.
It should be noted that all the earlier numerical experiments done so far have been carried out for both the fluid Reynolds number (Re) and the magnetic Reynolds number (Rm) above unity. Naturally, most of the theoretical studies have focussed their attention in the regime where (Re, Rm) > 1, the limit for which rigorous theory explaining the origin of the shear dynamo is yet to come. In order to make step-by-step progress analytically, it seems necessary to explore the limit, Re < 1 and Rm > 1 before one aims to have a theory which is valid for both (Re, Rm) > 1. Such thoughts motivated us to look for numerical experiment carried out in the limit when Re < 1 and Rm > 1.
In this paper, we present numerical simulations for the shear dynamo problem which can be broadly classified in following three categories: (i) The simulations are done when both Re and Rm are less than unity. This is done for comparison with earlier analytical work Singh & Sridhar (2011) ; (ii) possibility of dynamo action is explored when Re > 1 and Rm < 1; (iii) finally we perform simulations for the shear dynamo problem in the limit when Re < 1 and Rm > 1. We have used Pencil Code 1 for all the simulations presented in this paper and followed the method given in Brandenburg et al. (2008) . In § 2 we begin with the fundamental equations of magnetohydrodynamics in a background linear shear flow. We then consider the case when the mean-magnetic field is a function only of the spatial coordinate x 3 and time t. We briefly describe the transport coefficients and discuss the test field method. Few important details of the simulation have been presented. In § 3, we put together all the results in three parts, namely, part A, part B and part C corresponding to the three categories discussed above. We also make comparisons with analytical works of Sridhar & Singh (2010) ; Singh & Sridhar (2011) . In § 4, we have estimated the fluctuations in α to investigate the reason for the observed dynamo action. In § 5, we present our conclusions.
The model and numerical set up
Let (e 1 , e 2 , e 3 ) be the unit basis vectors of a Cartesian coordinate system in the laboratory frame. Using notation x = (x 1 , x 2 , x 3 ) for the position vector and t for time, we write the total fluid velocity as (Sx 1 e 2 + v), where S is the rate of shear parameter and v(x, t) is the velocity deviation from the background shear flow. Let B tot be the total magnetic field which obeys the induction equation. We have performed numerical simulations using the Pencil Code which is a weakly compressible MHD code, so we consider velocity field v to be compressible and write the momentum, continuity and induction equations for a compressible fluid of mass density ρ satisfying the isothermal equation of state as follows:
1 See http://www.nordita.org/software/pencil-code.
where
, f is the random stirring force per unit mass and J tot = (∇×B tot )/µ 0 . ν, ζ, µ 0 and η represent the coefficient of kinematic viscosity, coefficient of bulk viscosity, magnetic permeability and magnetic diffusivity respectively, all assumed to be constant here.
Our aim is to investigate the case of incompressible magnetohydrodynamics in a background linear shear flow for a non-helical forcing. In order to do that with Pencil Code, we limit ourselves to the cases for which the root-mean-squared velocity, v rms , is small compared with the sound speed, making the Mach number very small. In this case the solutions of compressible equations approximate the solutions of incompressible equations. When the velocity field v is incompressible (or weakly compressible), the viscous term in Eqn. (1) becomes F visc = ν∇ 2 v (this is true also in the absence of variable compression) and the right hand side of continuity equation vanishes.
Mean-field induction equation
Various transport phenomena have traditionally been studied in the framework of meanfield theory (Moffatt 1978; Krause & Rädler 1980; Brandenburg & Subramanian 2005) . Applying Reynolds averaging to the induction Eqn. (3) we find that the mean magnetic field, B(x, t), obeys the following (mean-field induction) equation:
where η is the microscopic resistivity, and E is the mean electromotive force (EMF), E = v×b , where v and b are the fluctuations in the velocity and magnetic fields. The mean EMF is, in general, a functional of the mean magnetic field, B l , and its first spatial derivative, B lm = (∂B l /∂x m ), to the lowest order. For a slowly varying mean magnetic field, the mean EMF can approximately be written as a function of B l and B lm ; see Singh & Sridhar 2011 ):
where α il (t) and η iml (t) are the transport coefficients.
Transport coefficients
Previous studies have shown that α il = 0 so long as the stirring is non-helical Sridhar & Subramanian 2009b,a; Sridhar & Singh 2010; Singh & Sridhar 2011) . To simplify further, we consider the case when the mean magnetic field, B = B(x 3 , t). The condition ∇· B = 0 implies that B 3 is uniform in space, and it can be set to zero; hence we have B = (B 1 , B 2 , 0). Thus, Eqn. (5) for the mean EMF gives E = (E 1 , E 2 , 0), with
where 2-indexed magnetic diffusivity tensor η ij has four components, (η 11 , η 12 , η 21 , η 22 ), which are defined in terms of the 3-indexed object η iml by
Equation (6) for E can now be substituted in Eqn. (4). Then the mean-field induction equation becomes,
The diagonal components, η 11 and η 22 , augment the microscopic resistivity, η, whereas the off-diagonal components, η 12 and η 21 , lead to cross-coupling of B 1 and B 2 . We note that the η ij are in general time-dependent but we consider here the saturated values denoted by η ∞ ij in Singh & Sridhar (2011) .
Test field method
We use test field method to determine the quantities η ij introduced above. The procedure has been described in detail in Brandenburg et al. (2008) 
There could be various choices for the number and form of the test fields which essentially depends on the problem that one is trying to solve. For our purposes, we have chosen the test fields, denoted as B qc , defined by,
where B and k are assumed to be constant. Using Eqn. (9) in the expression E q i = − η ij J q j , we find the corresponding mean EMF denoted by E qc as,
Zeros of sin[kX 3 ] provide singular solutions for η ij as can be seen from Eqn. (10). To avoid this difficulty, we further consider the following set of test field denoted as B qs defined by,
where B and k are assumed to be constant as before. Using Eqn. (11) in the expression E q i = − η ij J q j , we find the corresponding mean EMF denoted by E qs as,
Using Eqns. (10) and (12) we can write,
Thus from the Eqn. (13) we can determine the unknown quantities η ij . For homogeneous turbulence being considered here, η ij need to be independent of x 3 , therefore, the apparent dependence on x 3 through the terms sin[kx 3 ] and cos[kx 3 ] in Eqn. (13) have to be compensated by x 3 −dependent E i 's given by Eqns. (10) and (12).
Boundary conditions
We use "shear-periodic" boundary conditions to solve Eqns.
(1-3) in the same manner as given in Brandenburg et al. (2008) . Shear-periodic boundary conditions have been widely used in numerical simulations of a variety of contexts. Simulations of local patch of planetary rings (Wisdom & Tremaine 1988) , local dynamics of differentially rotating discs in astrophysical systems (Balbus & Hawley 1998; Binney & Tremaine 2008) , nonlinear evolution of perturbed shear flow in two-dimensions with the ultimate goal to understand the dynamics of accretion disks (Lithwick 2007) , the shear dynamo Yousef et al. 2008b,a; Käpylä et al. 2008 ) etc serve to be few examples. We provide below a brief explanation of shear-periodic boundary conditions. Let us define sheared coordinates by
These may be thought of as the Lagrangian coordinates of fluid elements that are carried along by the background shear flow. A function is said to be shear-periodic when it is a periodic function of (x
which is subjected to periodic boundary conditions in the x 2 − and x 3 −directions and shear-periodic (or "shifted-periodic") boundary condition in the x 1 −direction. Letting f to be a shear-periodic function, we can write explicitly,
In Eqn. (16) m can take any integer value. This is done to ensure that the right hand side of Eqn. (16) always lies inside the box in the direction of shear, i.e., x 2 −direction for the present case. Thus the identity 0 ≤ (
is satisfied at all times.
Random stirring
The random forcing function f in Eqn. (1) is assumed to be mirror-symmetric, homogeneous, isotropic and delta-correlated-in-time. Further, we assume that the vector function f is solenoidal and the forcing is confined to a spherical shell of magnitude |k f | = k f where the wavevector k f signifies the energy-injection scale (l f = 2π/k f ) of turbulence. This can be approximately achieved by following the method described in Brandenburg et al. (2008) , which is briefly outlined here.
in which the forcing f at each time step is a single plane wave proportional k f ×a where the wavevector k f is randomly chosen from a set of precalculated vectors, the procedure for which has already been implemented in the code and a is an arbitrary random unit vector not aligned with k f . Average value of moduli of these wavevectors is what we call k f described above. The properties as described above that f should possess can be achieved if the size of the box is much larger as compared to the forcing-scale, i.e., k f /K ≫ 1 where K = 2π/L. The background turbulence becomes almost statistically steady for acceptable values of k f /K if the averaging is done over long times, in which case the quantities which have been averaged over x 1 − and x 2 −directions show smaller and smaller fluctuations in x 3 − direction and t, which would otherwise have shown more pronounced fluctuations.
We note that although the random forcing f is delta-correlated-in-time, the resulting fluctuating velocity field v will not be delta-correlated-in-time (this is due to the inertia as has been pointed out in Brandenburg et al. (2008) ). This has been rigorously proved in Singh & Sridhar (2011) in the limit of small fluid Reynolds number, the limit which we aim to explore in the present manuscript. Another important fact to note is that in the limit of small Re the non-helical forcing has been shown to give rise to non-helical velocity field in the reference Singh & Sridhar (2011) ; whether this is true even in the limit of high Re has not been proved yet. Thus performing the simulation in the limit Re < 1 with non-helical forcing guarantees the fact that the fluctuating velocity field is also non-helical.
Results and Discussion
We have explored following three parameter regimes: (i) Re < 1 and Rm < 1; (ii) Re > 1 and Rm < 1; (iii) Re < 1 and Rm > 1. All the results obtained in numerical simulations for various parameter regimes are being presented. As noted earlier, the η ij are in general time-dependent but we are considering only the saturated values, η discussions concerning η ij we define new quantities as given in earlier works:
We now define various dimensionless quantities: The fluid Reynolds number, Re = v rms /(νk F ) ; the magnetic Reynolds number, Rm = v rms /(ηk F ) ; the Prandtl number, Pr = ν/η ; the dimensionless Shear parameter, S h = S/(v rms k F ) . Symbols used in these definitions have usual meanings.
PART A: Re < 1 and Rm < 1
It is a necessary step to compare the numerical results obtained in this parameter regime with the earlier analytical work in which the general functional form for the saturated Singh & Sridhar (2011) . However, it should be noted that we have performed simulations for values of (−S h Re) upto about 0.7, whereas Singh & Sridhar (2011) have been able to explore the larger values of (−S h Re). The plots in Fig. (1a-c) Singh & Sridhar (2011) should be much smaller than unity. This was predicted in Singh & Sridhar (2011) , and thus our numerical findings are in good agreement with the theoretical investigations of Singh & Sridhar (2011) .
(ii) We see that η t is always positive. For a fixed value of (−S h Re) the quantity η t /(η T Re 2 ) increases with Pr, and for a fixed value of Pr, it slowly increases with (−S h Re) (which is consistent with Brandenburg et al. (2008) ). An excellent agreement between our (iii) The quantity η ∞ 12 approaches the value zero in the limit when (−S h Re) is nearly zero. In the numerical simulation, it is seen to be increasing with (−S h Re) for a fixed value of Pr, and for a fixed value of (−S h Re) it increases with Pr. η ∞ 12 is expected to behave in a more complicated way. Different signs of η ∞ 12 are reported in Brandenburg et al. (2008) and Rüdiger & Kitchatinov (2006) , whereas both signs have been predicted in calculations of Singh & Sridhar (2011) . The differences between the theory and the simulations may be inferred from panels (b) of Figs. (1-3) .
(iv) As may be seen from the bottom panels of Figs. (1-3) , that, η ∞ 21 is always positive. This agrees with the results obtained in earlier works Rädler & Stepanov 2006; Rüdiger & Kitchatinov 2006) . Once again, the agreement between our numerical findings and the theoretical investigations of Singh & Sridhar (2011) , for this crucial component of the diffusivity tensor is remarkably good 2 .
Further, we show the time dependence of root-mean-squared value of the total magnetic field (B rms ) in Fig. (4) , which explicitly demonstrates the decay of B PART B: Re > 1 and Rm < 1
We explored this parameter regime for completeness in order to investigate the dynamo action when Rm < 1 whereas Re > 1. Kinematic theory of shear-dynamo problem was developed in Sridhar & Singh (2010) , which is valid for low magnetic Reynolds number but places no restriction on the fluid Reynolds number. We computed all relevant components of the magnetic diffusivity tensor using test-field method and also investigated the possibility of dynamo action. We summarize all our results for Re > 1 and Rm < 1 in detail in Table 1 .
We find no evidence of dynamo action in this particular parameter regime where Re > 1 and Rm < 1. This is shown clearly in Fig. (5) , in which we plot the time dependence of root-mean-squared value of the total magnetic field (B rms ) and demonstrate the absence of dynamo action in this parameter regime. PART C: Re < 1 and Rm > 1
We now report our analysis concerning the growth of mean magnetic field in a background linear shear flow, with non-helical forcing at small scale, for the case when Re < 1 3 mesh points. This is a particularly interesting regime for the following reasons: (i) it is an important fact to note that in the limit of small Re the non-helical forcing has been shown to give rise to non-helical velocity field (see the discussion below Eqn. (46) of Singh & Sridhar (2011) ); whether this is true even in the limit of high Re has not been proved yet; (ii) For low Re the Navier-Stokes Eqn. (1) can be linearized and thus it becomes analytically more tractable problem, as compared to the case of high Re. Such solutions have been rigorously obtained without the Lorentz forces in Navier-Stokes equation and have been presented in Singh & Sridhar (2011) . So it appears more reasonable to develop a theoretical framework in the limit, Re < 1 and Rm > 1 before one aims to have a theory which is valid for both (Re, Rm) > 1. Such thoughts motivated us to perform numerical experiment in this limit to look for the dynamo action. Figures (6-8) display the time dependence of root-mean-squared value of mean magnetic field B and spacetime diagrams of B 1 (x 3 , t) and B 2 (x 3 , t) for three different combinations of Re and Rm. We have scaled the magnetic fields in Figs. (6-8) with respect to B eq where B eq = (µ 0 ρv (7) and (8) (ii) Denoting the magnetic diffusion time scale as τ η = (ηk 2 f ) −1 and eddy turn over time scale as τ edd = (v rms k f ) −1 , we write τ η = (Rm) τ edd . The magnetic fields in these simulations survive for times, say t = 640 τ edd , which for Rm ≈ 32 (corresponding to Fig. (8) ) implies, t ≈ 20 τ η , i.e., twenty times the diffusion time scale. This is a clear indication of the dynamo action as the magnetic fields survive much longer than the magnetic diffusion time scale.
(iii) Spacetime diagrams in Figs. (6-8) reveal that the mean magnetic fields start developing only after times which are few times the magnetic diffusion time scale (τ η ).
(iv) Although the mean magnetic field starts developing at much later times, B rms starts growing at earlier times. The possibility of the growth of mean-squared field, with no net mean magnetic field at these early times, cannot be ruled out.
It is instructive to know the magnitude of magnetic power at different length scales in the simulations and study its evolution in time. Although the forcing is done at a single length scale, a typical kinetic energy spectrum has a peak at the stirring scale with significantly less power at other length scales (e.g., see dashed lines in various panels of Fig. (9) ). We display in Fig. (9) the energy spectra obtained in one of the three simulations (for different combinations of the control parameters, all with Re < 1), corresponding to the one shown in Fig. (8) . Thus Figs. (8) and (9) show results obtained from one particular simulation with 128 3 mesh points, Re ≈ 0.641, Rm ≈ 32.039, k f /K = 5.09 and S h ≈ −0.60. Few noteworthy points are discussed below in detail:
(i) Initially the magnetic power is very small as compared to the kinetic power and it is mainly concentrated at large k−values (i.e. small length scales), as may be seen from panel (a) of Fig. (9) . Also, there is essentially no magnetic power at small k− values (i.e. large length scales) at the initial stage of the simulation.
(ii) The strength of the total magnetic field decreases upto certain time due to dissipation (compare panels (a) and (b) of Fig. (9) ), before it starts building up due to dynamo action.
(iii) From the top panel of Fig. (8) , we see that the root-mean-squared value of the total magnetic field starts growing due to dynamo action (B 2 rms = B 2 + b 2 , where B and b are the magnitudes of the mean and fluctuating magnetic fields respectively). As the B rms −field may grow either due to B or b, or due to both B and b, it seems necessary to understand this in more detail. From Fig. (9) , it may be seen that the magnetic energy grows at all scales once it starts growing up till it saturates. Fig. 9 .-Panels (a-f) show magnetic (bold line) and kinetic (dashed line) energy spectra from a direct simulation (presented above in Fig. (8) , in which the forcing was non-helical with Re ≈ 0.641, Rm ≈ 32.039, k f /K = 5.09 and S h ≈ −0.60) for different values of (t v rms k f ).
(iv) The small scale field grows faster, which averages out to zero, and hence does not show up in the spacetime diagrams of Fig. (8) . This is generally referred to as the fluctuation dynamo. The growth rate changes and becomes smaller after the fluctuation dynamo saturates (which happens at t v rms k f ≈ 150 in Fig. (8) and the corresponding power spectrum at that time is shown in panel (d) of Fig. (9) ).
(v) Although there is non-zero magnetic energy in the large scales when t v rms k f ≈ 150 (see panel (d) of Fig. (9) ), we begin to see some features in the spacetime diagrams of the mean magnetic field (shown in Fig. (8) ) only beyond t v rms k f ≈ 150. Thus, it is possible that B = 0 while B 2 be finite.
(vi) The mean magnetic field starts developing beyond t v rms k f ≈ 150 (which is about five times the magnetic diffusion time scale) which saturates at t v rms k f ≈ 330 (see Fig. (8) ) after which the magnetic energy essentially stops evolving at all length scales, as may be seen from Fig. (9) .
(vii) When the magnetic energy saturates at some value, we see significant magnetic power at the largest scale.
It may be seen from the top panels of Figs. (6-8) that B rms shows exponential growth. We denote the initial exponential growth rate of B rms as γ. It is evident from Fig. (10) that the dimensionless growth rate (γ * = γ/(v rms k f )) appear to scale as γ * ∝ −S h in the range of parameters explored in this work. This result is in agreement with (Yousef et al. 2008b; Brandenburg et al. 2008; Heinemann et al. 2011; Richardson & Proctor 2012) .
Investigating the reasons for observed dynamo action
We have demonstrated in the last section that the dynamo action is possible in a background linear shear flow due to non-helical forcing, when the magnetic Reynolds number is above unity, whereas the fluid Reynolds number is below unity (i.e., Re < 1 and Rm > 1). Earlier works have shown dynamo action in such systems when both (Re, Rm) > 1. It is still not clear what causes such shear dynamo to operate due to non-helical turbulence. In this section, we try to estimate the effects of fluctuations of α, which might have implications for the observed dynamo action in these numerical simulations. Estimating the magnitude and effects of these fluctuations, which are being presented below, have been motivated by some earlier analytical and numerical works (Kraichnan 1976; Moffatt 1978; Vishniac & Brandenburg 1997; Sokolov 1997; Silant'ev 2000; Proctor 2007; Brandenburg et al. 2008 ). 
Fluctuating α−effect & incoherent alpha-shear dynamo
In 1976, Kraichnan discussed the possibility of fluctuations in alpha with zero mean (Kraichnan 1976) , which together with large scale shear could possibly give rise to the dynamo action in the mirror-symmetric turbulence (Vishniac & Brandenburg 1997; Sokolov 1997; Silant'ev 2000; Proctor 2007) . As the coefficient 'α' (which, in general, is a tensorial quantity α il as may be seen from Eqn. (5)) is, by definition, an averaged quantity, it requires some extra care to imagine the fluctuations in such quantities (see e.g. Sokolov (1997) ).
Following Brandenburg et al. (2008) , we estimate the fluctuations in each component of α il which, together with mean shear, might drive the dynamo action. This is known as the incoherent alpha-shear mechanism. The procedure to investigate the incoherent alpha-shear dynamo may be given as follows:
(i) There seem to be a dimensionless parameter, D αS , known as the dynamo number, which is defined as,
where η T has been defined in Eqn. (17) and K is the smallest finite wavenumber in the X 3 −direction. It has been determined numerically in Brandenburg et al. (2008) , that the condition for the growth of mean magnetic field is
(ii) To measure the magnitude of the fluctuations in α il as found in our test-field simulations, we do the following:
(a) The values of each components of α il , when averaged over the whole time series, approach zero for long enough time series, for non-helical turbulence.
(b) A typical time series of transport coefficients shows variations of the quantity around some mean value. These variations are not to be confused with the fluctuating transport coefficients.
(c) The whole time series can be split into multiple bins with suitably chosen width.
(d) Now we find the average value of α il in each bin. If the averages thus computed for each bin take different values, these quantities are understood to be fluctuating, although averaged over some sufficiently long times. (iii) We find the probability density function (PDF) of each component of α il which appears like Gaussian in all the cases we have investigated. The Gaussian nature of the PDFs are also seen in Brandenburg et al. (2008) .
(iv) Our aim now will be to determine D αS corresponding to various simulations we have performed in different regimes of the control parameters, discussed in the last section.
Estimation of the dynamo numbers for variety of simulations
We have computed the dynamo number defined by Eqn. (18) using the test-field simulations, which were performed for various regimes of the control parameters, we are interested in. We summarize our results in the Table 2 .
As may be seen from Table 2 that the growth of mean magnetic field is always associated with cases for which the dynamo number exceeds its critical value, i.e., when D αS > D 
Dynamo
(i) In the cases where both (Re, Rm) < 1 (runs (b), (e) and (f) which are shown in Table 2 ), we do not see the dynamo action, but the corresponding dynamo numbers have been found to be below the critical value. Therefore, we cannot conclude that the dynamo action is impossible in this parameter regime; larger values of the dynamo numbers in this parameter regime need to be explored before reaching any conclusion. We tried to run simulations aiming to explore larger dynamo numbers when both (Re, Rm) < 1, but it could not be done due to limitations of the pencil code.
(ii) We do not find any evidence of dynamo action for cases when Re > 1 and Rm < 1 (runs (a), (c) and (d) which are shown in Table 2 ), but even in these cases, the corresponding dynamo numbers are below the critical value. So, one needs to explore larger values of D αS before reaching any conclusion, which could not be done using the pencil code.
(iii) Dynamo action was seen when D αS was just above its critical value (see the runs (g) and (h) shown in Table 2 ), for both of which, Re is just above unity whereas Rm is much larger than unity).
(iv) For the cases in which Re < 1 and Rm > 1, we see the growth of large-scale magnetic field (see the runs (i), (j) and (k) shown in Table 2 ), and the corresponding dynamo numbers were always found to be above D crit αS .
(v) To further establish the dependence of observed dynamo action on the dynamo number, D αS , we investigated a particular case more carefully. We chose the run (k) of Table 2 , in which we see the growth of mean magnetic field, and D αS = 11.45. Keep-ing everything else same, we changed the value of the shear parameter, which in turn affects the value of D αS through the linear dependence of D αS on |S| (see Eqn. (18)). First, we reduce |S| by a factor 10, which makes D αS ten times smaller, and it becomes subcritical. In this case, the B rms just decays in time. Second, we reduce |S| by a factor 4 compared to its original value of case (k). In this case, D αS becomes marginally supercritical (D αS ≈ 2.86), and we see the dynamo action in the simulation. This particular investigation seems to strengthen the idea that D αS plays a crucial role in determining whether the dynamo action is going to operate or fail.
Conclusions
We performed variety of numerical simulations exploring different regimes of the control parameters for the shear dynamo problem. The simulations were done for the following three parameter regimes: (i) both (Re, Rm) < 1; (ii) Re > 1 and Rm < 1; and (iii) Re < 1 and Rm > 1. These limits, which were never explored in any earlier works, appeared interesting to us for following reasons: first, to compare analytical findings of Singh & Sridhar (2011) with the results of numerical simulations in the similar parameter regimes; and second, to look for the growth of mean magnetic field in the limit when Re < 1. Exploring the possibility of dynamo action when Re < 1 seems particularly interesting, as, in the limit of small Re, the non-helical forcing has been shown to give rise to non-helical velocity field (see the discussion below Eqn. (46) of Singh & Sridhar (2011) ); whether this is true even in the limit of high Re has not been proved yet. Thus performing the simulation in this limit (i.e., Re < 1) with non-helical forcing guarantees the fact that the fluctuating velocity field is also non-helical. Also, for low Re, the Navier-Stokes Eqn. (1) can be linearized and thus it becomes analytically more tractable problem, as compared to the case of high Re. Such solutions have been rigorously obtained without the Lorentz forces in Navier-Stokes equation, and have been presented in Singh & Sridhar (2011) .
In the present paper, we successfully demonstrated that the dynamo action is possible in a background linear shear flow due to non-helical forcing when the magnetic Reynolds number is above unity whereas the fluid Reynolds number is below unity, i.e., when Re < 1 and Rm > 1 (see Figs. (6-9) ). To investigate the reasons for the observed dynamo action (or otherwise), we computed the dynamo number, D αS , corresponding to the incoherent alphashear mechanism, by estimating the fluctuations in the turbulent transport coefficient, α. Few important conclusions may be given as follows:
1. We did not find any dynamo action in the limit when both (Re, Rm) < 1 (see Fig. (4) ).
We computed all the transport coefficients by test-field simulations and compared with the theoretical work of Singh & Sridhar (2011) (see Figs. (1-3) ). A good agreement between the theory and the simulations was found for all components of the magnetic diffusivity tensor, η ∞ ij , except for η ∞ 12 , which is expected to behave in a complicated fashion Rüdiger & Kitchatinov 2006; Singh & Sridhar 2011 ).
2. η ∞ 21 was always found to be positive in all the simulations performed in different parameter regimes. This is in agreement with earlier conclusions that the shear-current effect cannot be responsible for dynamo action.
3. There was no evidence of dynamo action in the limit when Re > 1 and Rm < 1 (see Fig. (5) ).
4. We demonstrated the dynamo action when Re < 1 and Rm > 1, for the first time (see Figs. (6-9)). The initial exponential growth rate of B rms , γ, seems to scale linearly with the rate of shear, |S|, in the range of parameters explored in this paper (see 5. It is important to note that the dynamo number, D αS , corresponding to the incoherent alpha-shear mechanism, was computed for all the simulations performed in different parameter regimes, and the results have been presented in Table 2 . Interestingly, those simulations, where we see the growth of mean magnetic field, are the ones, in which the dynamo number exceeds its critical value, i.e., when D αS > D crit αS where, D crit αS ≈ 2.3, whereas for all the other cases, in which we do not find the dynamo action, the corresponding dynamo number is always subcritical.
The hypothesis, that the fluctuations in the α ij with zero mean, together with the mean shear (which is known as the incoherent alpha-shear mechanism) might drive the dynamo, seems a promising candidate for the observed dynamo action in linear shear flow, with no net helicity. We find that the dynamo action seems to crucially depend on the quantity, D αS , with its critical value D crit αS ≈ 2.3, which was determined by Brandenburg et al. (2008) , and supported by our numerical simulations presented in this paper; see Table 2 . We note that D αS is an empirically constructed quantity and thus it seemed natural to model the so-called incoherent alpha-shear mechanism. In the light of this, Sridhar & Singh (2013) have constructed a theory of dynamo action due to the combined effects of α−fluctuations and shear. The fluxes of magnetic helicity could also play an important role for the generation of large-scale magnetic field in shearing systems, and therefore it seems legitimate to study together both the effects, namely, the magnetic helicity fluxes and the interactions of fluctuating alpha with the mean shear in such systems.
